We have observed seven regions surrounding the driving sources of Herbig-Haro Ñows using the NICMOS infrared camera on board the Hubble Space T elescope. These Herbig-Haro energy sources, which power the HH 34, 47, 83, 111, 199, 300, and 454 Ñows, have all been previously detected in the centimeter-wavelength radio continuum. The regions were imaged in two broadband Ðlters, F160W and F205W, which, in emission by a combination of high jet H 2 density and strong far-ultraviolet (7.6È13.6 eV) radiation from the forming star. The HH 454 [Fe II]j e t , which emanates from the L1551 NE source, is pointed directly at the bright shock HH 29, providing further evidence that this young star, rather than L1551 IRS 5, is the source of the brightest HerbigHaro object in the L1551 outÑow complex. In Ðve regions, the driving sources are visible at 2 km. Among these, the sources powering HH 47 and HH 300 are found to be binary stars. One other young stellar system, the source of the HH 111 protostellar jet, is triple. When combined with other studies, these results indicate that 36% of 14 Herbig-Haro energy sources observed with NICMOS are multiple at near-infrared wavelengths with component separations greater than Therefore, considering 0A .15È0A .20. incompleteness, obscuration, and faintness of possible companions in the observed bands, the binary frequency is likely to be considerably higher among the selected systems than among low-mass mainsequence dwarf stars. There is no obvious connection between source multiplicity and jet morphology observed on large scales. For example, the beam of the HH 47 jet exhibits quasi-periodic wiggles that might be one indication of jet modulation at the binary orbital period. However, the total mass of the observed central binary would have to be unrealistically large to make the orbital period comparable to the ejection time interval of these jet features. Finally, the properties of the near-infrared reÑection nebulae associated with the observed sources are investigated. The shapes of the cavity walls traced by the observed reÑection nebulae indicate the presence of large-scale and highly Ñattened circumstellar structures that are opaque at near-infrared wavelengths. Their Ñaring shapes either are the result of preferential infall of the protostellar envelope along the outÑow axis or were carved by wide-angle winds emerging from the inner disk and the forming star. The inclination angles of several circumstellar structures are estimated.
INTRODUCTION
The youngest stars tend to be so obscured that under most circumstances their immediate environments can not be directly investigated at visual wavelengths. Therefore, studies of their properties and the innermost portions of their outÑows require observations at radio and infrared wavelengths. Such Ñows often power shock-excited nebulae (Herbig-Haro objects) at visible wavelengths at some distance from their sources. However, the study of outÑow acceleration, collimation, and the connections between protostellar mass loss and the accretion Ñow fueling stellar growth requires observations of the immediate vicinity of young stellar objects.
Radio continuum emission has been detected from many young embedded stars that excite Herbig-Haro jets and larger scale outÑows (e.g., , Rodr• guez 1998 Anglada et al. 1998 ). These radio-detected outÑow sources appear to represent young stars in a particularly active phase of accretion and mass loss. In this paper, we present high angular resolution images using the nearinfrared NICMOS camera on board the Hubble Space T elescope of the immediate vicinity of the sources of seven major Herbig-Haro Ñows whose central stars have been previously detected in the centimeter-wavelength radio continuum. The new data are used to investigate the multiplicity of these young stars, to probe the properties of the innermost portions of their jets, and to constrain the nature of their obscuring envelopes by studying their associated reÑection nebulae.
OBSERVATIONS
The observations were obtained with the Hubble Space T elescopeÏs (HST ) NICMOS instrument (Thompson et al. 1998 ) in the period from 1998 February to October, using the NICMOS2 camera and the wideband Ðlters F160W and F205W. NICMOS2 is a 256 ] 256 HgCdTe detector with a plate scale of pixel~1 (Skinner et al. 1998) . The source 0A .076 was observed with each Ðlter in the MULTIACCUM mode at three spatially dithered positions with o †sets of 0A .50. Exposure times were either 768 s and 416 s per position for the F160W and F205W Ðlters, respectively, or 384 s and 176 s (see Table 1 ). The raw data were reduced using the IRAF/ STSDAS task CALNICA v3.2 and the latest set of reference Ðles, including Ñat Ðelds, dark frames, and bad pixel masks. To minimize the overhead for the observations, no chopping to an o † position was performed for either Ðlter. However, a separate sky position was imaged in the F205W Ðlter using a set of three dithered exposures with the same exposure time per position as the on-source images. These three frames were median-combined into a single sky exposure that was subtracted from the on-source F205W frames.
Pedestal bias, a time-variable quadrant-dependent nearly constant DC o †set (Skinner et al. 1998 ; , was subtracted out using the Pedestal Estimation and Quadrant Equalization Software v5.0 developed by Roeland van der Marel. New bad pixel masks were downloaded from STScI and were reedited to include additional transient hot and dead pixels, the "" photometrically challenged column ÏÏ (Bergeron & Skinner 1997) , and new locations of "" grot ÏÏ (paint chips Ñaked o † the light baffles by the Dewar expansion). After recalibration, Ðnal mosaics of the sources in each Ðlter were produced using the CALNICB v2.2 task in STSDAS.
All of the HH energy sources observed in this study have been detected in the centimeter-wavelength radio continuum with the VLA Anglada, & Raga 1995 ; (Rodr• guez, & Reipurth 1996 Reipurth et al. 1999) or Rodr• guez the AT (Lindsey, Wilner, & Curiel 1999) . Consequently, their positions are very well determined. When comparing these radio positions with the World Coordinate System of our NICMOS data we found discrepancies amounting to as much as one-half an arcsecond. This is most likely due to uncertainties in the positions of the guide stars in the HST Guide Star Catalogue. Unfortunately none of the guide stars we employed were measured by Hipparcos, so the best coordinates for the sources remain the radio positions, which we list in Table 2 .
Photometry of the stars in the NICMOS frames was performed in two ways. For the fainter stars (which we deÐned to be stellar proÐles that are generally featureless except for the central peak and the Ðrst Airy ring), we used IRAFÏs a Times are the total sum of three dithered onsource positions. NOTE.ÈUnits of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a The radio continuum position of the HH 47 source is from the Australia telescope (Lindsey et al. 1999) . The sources at HH 111 are tabulated and discussed by Reipurth et al. 1999. implementation of DAOPHOT. For bright stars with multiple Airy rings and banding and other bright di †raction features that made the use of IRAF DAOPHOT less e †ec-tive as a photometry tool, we used a modiÐed form of the Psfsubtract software written by the University of ArizonaÏs NICMOS Instrument Development Team4 (Stobie et al. 1998) . Psfsubtract allows the user to view both the science Ðeld and the model PSF, interactively scale and move the model PSF with respect to the science image, and view the residuals after the model PSF is subtracted. For the brighter stars, the user can match not only the central features of the PSF, but the fainter outlying di †raction bands and Airy rings as well.
A number of problems were encountered that have limited the accuracy of our photometry via these two techniques.
(1) Because all of our sources are embedded in complex background nebulosity with structure on the scale of the PSFs, all of the standard automatic background estimation routines in IRAFÏs DAOPHOT usually resulted in an overestimate of the sky around the source and, hence, an underestimate of the source Ñux. (2) There were no bright stars within our Ðelds with a well-sampled proÐle that could be used as a PSF. For both our faint and bright star photometry, we created model PSFs generated by Tiny Tim v4.4 (Krist & Hook 1997) . (3) The Tiny Tim PSFs did not exactly match our observed PSFs. The actual stellar PSFs had typical FWHMs of D3.5 pixels, whereas the Tiny Tim PSFs had typical FWHMs of D2.8 pixels. Both bright and dim stars showed slightly broader Airy rings than the model PSFs. In addition, the bright stellar PSFs showed noticeable di †erences in the banding of the di †raction spikes, slight displacements in the di †raction spots close to the star, a1¡È2¡ counterclockwise rotation of the entire PSF, and an asymmetry in the shape of the central core of the proÐle. Krist et al. (1998) have found that the changes in the banding and the di †raction rings can be caused by a timevariable misalignment between the HST optical telescope assembly (OTA) pupil obscurations and the OTA cold mask. The OTA mask shift can e †ectively explain all of the ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ 4 The software developed for NICMOS at the University of Arizona is available for downloading at ftp ://nicmos.as.arizona.edu/pub/NICMOS/ software. morphological di †erences between our observed PSFs and the Tiny Tim PSFs, except the 1¡È2¡ relative rotation of the observed PSF.
One Ðnal factor that could a †ect the appearance of our stellar PSF proÐles, especially the broadening seen in the Airy rings, is the color of the source. Since we do not have spectra of the sources, we cannot correct for color variations within each observed bandpass and have therefore assumed colorless (gray) sources in our Tiny Tim models.
IRAF DAOPHOT Photometry.ÈWe attempted to perform photometry for the faint stars (i.e., the stars in the HH 111 and HH 47 Ðelds), using IRAFÏs DAOPHOT package. Because the complex background within our images precluded the use of IRAF DAOPHOTÏs automatic background estimation routines, we instead ran DAOPHOT using a range of values for the sky background. We subjectively selected the background choice that seemed to best subtract out the star without overly disturbing the underlying background structure.
In an attempt to match the model PSF to the size of the actual stellar PSFs, we convolved two-dimensional Gaussians of various widths with the Tiny Tim PSFs. Although this managed to recover, in some cases, 50% more Ñux compared to using the unconvolved PSFs to do the photometry, the radial proÐles between the model and actual PSFs still did not match exactly. By looking at a range of residual images, from where the PSF was clearly oversubtracted to instances where the PSF was undersubtracted, we estimate that the error in our photometry for the dim stars in our Ðelds is 25%È35%.
Psfsubtract Photometry.ÈUsing Psfsubtract to determine the photometry of the bright sources (e.g., the HH 34 and HH 300 Ðelds) still su †ered from the problem of an inexact match between the model and actual stellar PSFs. Although the Ñux residuals from the outer di †raction banding is usually less than 1% of the total PSF Ñux, di †erences in the central proÐle between the model and actual stellar PSFs can result in signiÐcantly larger residuals (up to 50% of the total Ñux) in the subtracted image. Accurately determining the OTA cold mask misalignment requires observations of a bright star free of any contaminating background emission and running a phase-retrieval algorithm to determine the phase and amplitude of a wave front across the camera pupil (Krist et al. 1998) . However, there are no stars in our Ðelds that can be used for such a technique, and a PSF library of di †erent OTA mask shifts is still under development (A. Sivaramakrishnan, private communication). As a result, our methodology for determining the photometry is the following iterative technique. After scaling and positioning the model PSF, we summed up over both the positive and negative residual Ñux in the subtracted central proÐle pixels. After determining a mean background level from the pixels outside the region of the central proÐle, we could then estimate a photometric error for our scaled model PSF. However, because of structure within the background and the difficulty of reducing the residuals within the central proÐle owing to the mismatch in the model PSFs with the actual PSFs, we have estimated that our PSF subtractions and hence our photometry for the bright stars in Table 3 is probably no better than 30%È40%.
In Figure 1 we show a panel of color images of six of the HH sources observed. The F160W Ðlter data are displayed in blue-green, while the F205W data are shown in red. Although we do not have images through a continuum Ðlter free of line emission, in practice it turns out that jet features are readily identiÐed on morphological grounds. Also, the fact that the jets mostly emit in [Fe II] with little or no emission in makes their identiÐcation much easier. Indi-H 2 vidual objects are discussed below.
THE HH 47 JET
The HH 46/47 jet system (hereafter the HH 47 jet) is a bright and very complex HH jet emanating from a dense Bok globule in the Gum Nebula (Schwartz 1977 ; Bok 1978) . The jet has been studied in great detail by many groups, e.g., Dopita, Schwartz, & Evans (1982) , Graham & Elias (1983) , Reipurth & Heathcote (1991 ), & Mundt (1994 , and Eislo ffel Heathcote et al. (1996) . The bright jet is relatively unobscured as it leaves the globule toward the northeast, but only a faint counterjet is seen at visible wavelengths to the southwest (Reipurth & Heathcote 1991) ; in the nearinfrared, the counterjet is seen to move into a cavity, the edges of which are outlined by emission et al. H 2 (Eislo ffel 1994). As the jet plows through the ambient medium, it drives a small molecular outÑow (Chernin & Masson 1991 ; Olberg, Reipurth, & Booth 1992) .
The HH 47 jet has attracted considerable attention, partly because it is a very bright and highly collimated HH Ñow, but also because it is perhaps one of the best known cases of isolated star formation, allowing study of the e †ects of a supposedly single newborn star without the complicating e †ects of neighboring young stars.
A Binary Energy Source
The energy source of the HH 47 jet was Ðrst detected by Graham & Elias (1983) as an infrared source embedded at the base of the jet and was imaged at near-infrared wavelengths by Graham & Heyer (1989) . It was subsequently observed at far-infrared wavelengths by Emerson et al. (1984) and Cohen et al. (1984) , and in the millimeter radio continuum by . Recently it has also been imaged in the centimeter radio continuum (Lindsey et al. 1999) . The total luminosity of the source is about 12 L _ , assuming a distance of 450 pc. Optical spectroscopy of light reÑected from a reÑection nebula at the base of the jet reveals that the source is currently a rich emission-line T Tauri star (e.g., Dopita 1978 ; Reipurth & Heathcote 1991) .
In Figure 2 we show contour plots from the F160W and F205W images of the source region of HH 47. A dense fold of the cavity through which the jet emerges is obscuring the driving source at optical wavelengths. However, in the F160W image the source is barely detectable at the edge of the illuminated cavity, while in the F205W image the source is readily visible. It is revealed to be a binary, with one component only slightly fainter than the other (Fig. 3) ; in the following we refer to the brighter as A, and the fainter as B. Unfortunately the present data do not allow us to determine which of the two components is responsible for the jet.
We have used IRAFÏs DAOPHOT tasks both to determine the separation between the components and to perform photometry. The center of star A was found by the IRAF phot task. We varied the background level and the Gaussian convolution of the Tiny Tim PSF, as outlined in°2
, to give the best PSF-subtracted image in order to determine the photometry of the brighter star. After subtracting out the bright star, this procedure was repeated again to derive the center and photometry for star B. Slight residuals remained, showing that a perfect Ðt could not be achieved. The separation was found to be with an estimated 0A .26, uncertainty of
The Ñuxes for the two stars are listed in 0A .01. Table 3 . Uncertainties were estimated by the method discussed in°2, with errors of 35% for star A, and 20% for star B. The binary Ñux ratio in the F205W Ðlter is then about 0.72.
W iggling of the Jet
In Figure 4 we show a contour plot of the HH 47 jet with the main structures outlined, based on the WFPC2 images from Heathcote et al. (1996) . It is evident that the jet is not as straight as either the HH 34 or HH 111 jets. It should be stressed that the jet Ñow does not follow this complicated curved trajectory ; rather once ejected from the source, the entire body of the Ñow translates outward ballistically (Heathcote et al. 2000) .
The jet can be divided into four sections, with four gentle curves on the right-hand side of the jet body, and three sharp deÑection points separating them on the left. At an assumed distance of 450 pc, the Ðrst section is 10,400 AU in projected length, the second, 6900 AU, the third 11,700 AU and the fourth 5800 AU. That is, the Ðrst and third sections are longer, and the second and fourth shorter. Assuming a mean tangential velocity of 200 km s~1 (Heathcote et al. 2000) , the mean time interval required to traverse these sections is 263 yr for the long and 151 yr for the short sections. The whole jet has an age of 828 yr. (Note that neither the distance nor the angle of the jet to the plane of the sky enter into these estimates.)
This morphology has two features, which may be due to separate processes.
First, the structure of gentle curves interrupted by inÑec-tion points is precisely the appearance of a screwline that continuously spirals up along the surface of a narrow cylinder tilted toward the observer and seen in projection. Since the inÑection points are on the left-hand side and the jet is pointed toward us, it follows that the spiral should be counterclockwise. This spiraling motion could be due to the binary nature of the source. However, it is possible that the deÑection points are not merely projection e †ects but are due to abrupt changes in the Ñow axis of the jet, perhaps because the binary is in a highly elliptical orbit, with strong tidal interactions near periastron. In this latter case, the Ñow should expand in a precession cone, which is not seen, but other forces may act on the jet to maintain its structural coherence. Second, the alternation between short and long curves could be due to changes in the jet ejection velocity of the jet. However, if the binary is in a highly unstable orbit (due to a third component or circumstellar material), this could also explain the di †ering lengths of the four curved sections of the jet body. Our present data do not allow us to distinguish between these possibilities. This would require a very detailed study of the radial and tangential velocities of the jet gas, which is not yet available.
Orbital Motion
The Ðrst and most straightforward possibility is that the orbital motion of the stellar components could lead to the meandering of the jet. This mechanism has been examined by Fendt & Zinnecker (1998) . The projected separation of of the components corresponds to 117 AU at the 0A .26 assumed distance of 450 pc. If the orbit is circular, then 117 AU is the minimum possible semimajor axis. If the orbit is elliptical, we have fewer constraints, except to note that, statistically, chances are greater of Ðnding the components near apastron, with a physical separation larger than the semi major axis. It is for this reason that the distribution of projected separations in an ensemble of binaries closely resembles the distribution of their true semimajor axes (e.g., van Albada 1968 ; Halbwachs 1983) . We here assume that the semimajor axis must be 117 AU or larger. Let us further make the assumption that the total mass of this low-mass binary is 1
It follows that the orbital period cannot be M _ . smaller than 1266 yr. This is much larger than the mean 207 yr periodicity of the jet wiggles. The orbital period depends only weakly on the system mass (as the square-root of the total mass), and the mass would have to be unrealistically high (around 37 to get the observed periodicity. Alter-M _ ) natively, the distance to the jet would have to be reduced from 450 to 135 pc to reduce the minimum possible period to 207 yr, which seems very unlikely. Altogether, it appears that orbital motion of the observed binary is not a likely explanation for the jet wiggles. It is possible that the system is a triple system, with one component being a close binary.
Precession and W arped Disks
Another possibility is that the tidal forces acting between the components induce warping and precession of the disks, Heathcote et al. (1996). and that this a †ects the direction of the outÑowing jet (e.g., Terquem et al. 1999) . Papaloizou & Terquem (1995) and Terquem (1998) have analyzed this e †ect in more detail, assuming gaseous disks of which at least one is not aligned with the binary orbital plane. Tidal forces act to truncate the disks to sizes between one-quarter and one-half of the binary separation and to induce warping and precession in the disks. In the above analytical studies, the disks rotate as rigid bodies, since a number of e †ects combine to smooth out di †erential precession, including gravitational torques and radial pressure forces. This theory leads to a precession period that is a function mainly of the disk size, binary separation, and stellar masses. In the case of HH 47 IRS, let us now assume a separation of, e.g., 150 AU. The disk radius around the primary is then likely to be truncated to within the range 37È75 AU. For component masses of about 1 one Ðnds precession periods of the order of 104 M _ yr or so, far too long to explain the short-period wiggles of the jet. Going from a circular orbit to an eccentric one will reduce the precession period by only a factor of a few. The binary separation would need to be very much smaller than observed to induce rapid precession. This would require us to postulate that one of the observed components of HH 47 IRS is a close binary and that it is not the observed binary that causes the observed jet wiggles. Although this is an attractive idea, there is so far no observational evidence that HH 47 is a triple system.
Propagation of Bending W aves
In the relatively thick, gaseous disks considered above, bending waves can control the disk evolution. Such waves will propagate on a timescale comparable to the sound crossing time (Papaloizou & Lin 1995) and will therefore dominate communication throughout the disk. It is conceivable, albeit entirely hypothetical, that this could result in a "" nodding ÏÏ motion of the disk, which might introduce the observed jet wiggling.
In summary, it appears that the detection of binarity of the HH 47 source does not readily explain the wiggles observed in the jet. A much closer binary than observed appears to be required, and e †orts should be made to see if the source is indeed a triple system.
T he Counterjet and Dark Ridge
The reÑection nebula surrounding the HH 47 source has a remarkably sharp cuto † to the SW by a dark ridge. In the color image of Figure 1a , it is apparent from the welldeÐned red ridge that the density gradient is extremely abrupt. The symmetry of the reÑection nebula close to the source suggests that the star is located at the bottom of a "" bowl ÏÏ and is seen just along the rim.
Closer examination of Figure 1a and the F205W image of Figure 2 shows a band of complete obscuration, about 4A wide, to the southwest and west of the source. If this is circumstellar material located in a plane that is tilted, say, 30¡ or more to the line of sight, then it has a deprojected extent of at least 10A, which at the assumed distance of 450 pc corresponds to at least 4000 AU. This is probably the remnant of a large Ñattened envelope, which has served as the reservoir for building up the binary via a circumbinary disk.
Patches of reÑection nebulosity are seen to the southwest and west of the source, beyond the edge of the dark ridge. A compact bright knot is seen about 10A southwest of the source in the F160W image and to a lesser extent in the F205W image. This corresponds to the position of knot Z in the optical counterjet found by Reipurth & Heathcote (1991) and suggests that this knot is bright in [Fe II] emis-sion, and much less so in
The next knot further down-H 2 . stream, Y, is within the area imaged, but shows no infrared emission.
THE HH 34 JET
The HH 34 system contains a Ðne and highly collimated jet (Reipurth et al. 1986 ; ) that is part of a Bu hrke giant HH Ñow (Bally & Devine 1994 ; Devine et al. 1997 ). High-resolution spectra are discussed by , who in combination with proper-motion measurements conclude that the jet is inclined toward us at an angle of approximately 28¡ to the plane of the sky. Stapelfeldt et al. (1991) detected the jet in the infrared [Fe II] lines but failed to see it in only in the deeper infrared expo-H 2 ; sures of Stanke, McCaughrean, & Zinnecker (1998) were some of the knots in the jet detected in this species. No counterjet has been observed, either in the optical or in the infrared. Reipurth et al. (1986) detected the source in the nearinfrared and as a faint, highly reddened optical star. This source was detected at 3.6 cm by & Reipurth Rodr• guez (1996) . Figure 5 shows the F160W and F205W NICMOS images of the source region. Unfortunately the images, especially the longer wavelength one, su †er from the presence of diffraction spikes produced by the very bright, central source, with one pair lying along the jet axis, seriously contaminating the jet emission. The interesting question of whether the source drives a counterjet therefore cannot be answered. Stapelfeldt et al. (1991) argued that dense circumstellar gas is conÐned only to a small region around the source and that a counterjet, if similar to the main jet, would extend beyond the obscuring material and be detectable. Recently, Raga & Noriega-Crespo (1998) have proposed a model of the HH 34 jet describing the outÑow as the superposition of material moving at several velocities and with di †erent periods. They demonstrate that the jet emission is strongly dependent on the relative phases of the individual outÑow cycles. In particular, they demonstrate that a jet can have plenty of mass loss, but in certain phases the parcels of gas do not shock against each other, and the jet is invisible. It is possible that the putative counterjet is in such a phase, implying an intrinsic asymmetry between the two outÑow lobes.
The images in Figure 5 show the large infrared reÑection nebulosity that extends to the northwest of the HH 34 source and that was Ðrst detected by Stapelfeldt et al. (1991) . It is about 12A long and 8A wide, corresponding to 3700 by 5500 AU, and may be a cavity illuminated by the driving source. While its presence demonstrates that there is much more gas and dust to scatter starlight in the redshifted (northwestern) outÑow lobe, its visibility all the way to the source also shows that the extinction is not very high. An additional small nebulosity, seen mainly in the F205W image, is located just east of the source and is presumably the remnant of a similar outÑow cavity in the blueshifted lobe. Finally, we note a small point source, marked X in the F205W image, located west of the HH 34 energy source. 4A .6 It could be a molecular hydrogen knot. However, it is situated well outside the main outÑow lobe, and it is very weakly visible in the F160W image, suggesting that it may be a reddened star. Given that we are looking toward the opaque L1641 molecular cloud, it seems unlikely that it is background star. Until further data are available, it is too early to speculate about its relation to the HH 34 source.
Closer examination of the proÐle of the HH 34 source in Figure 5 reveals that the star is slightly extended toward the jet and more so in the F160W image. This suggests that the source may be partly embedded in circumstellar material. The source was found to be a visible star by Reipurth et al. (1986) . In Figure 6 source are displaced by about parallel to the axis of the 0A .1 HH 34 jet, strongly suggesting that the object we see in the optical is a compact reÑection nebula, and not a visible star.
HH 300
The IRAS source 04239]2436 in Taurus drives the giant HH 300 Ñow, which is highly asymmetric, with two large bow shocks in an extended redshifted southwestern lobe and a tiny blueshifted northeastern lobe HH 300D (Reipurth, Bally, & Devine 1997a) . Spectroscopy of HH 300D is presented by Kenyon et al. (1998) . Photometry of the source has been obtained at near-and mid-infrared wavelengths by Myers et al. (1987) . It has a very low luminosity of only 1.3
and an unusually rich near-infrared L _ spectrum (Greene & Lada 1996) . Figures 1b and 8 show the F160W and F205W images of the HH 300 source region. Three features stand out in these images : a cometary nebula that surrounds the source, a Ðne jet that emanates along the symmetry axis of the nebula, and the binarity of the source. The reÑection nebula is remarkably symmetric with a total width of about 11A.Ata distance of 140 pc, this corresponds to 1500 AU.
The jet is seen only in the F160W image, which implies that it emits predominantly in [Fe II]. It is 7A long, corresponding to 1000 AU. This is very short compared to jets such as HH 34 and HH 111. It consists of a chain of knots, which at the base of the reÑection nebula disappears in the stellar scattered light. In Figure 9 we show the jet in a plot in which the background, derived from regions immediately surrounding the jet has been subtracted. We see at least nine knots, which are labeled in the Ðgure. It is noteworthy that the jet knots appear to widen considerably more with distance from the source than is usually seen for a jet. At knot J2 the half-opening angle as seen from the source is Also, the jet displays a gentle curvature. The jet axis lies 2¡ .5. along a position angle of 59¡ 4 239¡. This is close to the position angle of the southwestern lobe of the giant HH 300 Ñow, which is 226¡.
The source of the HH 300 jet is revealed to be a binary with a separation of corresponding to a projected 0A .3, physical separation of 42 AU (Fig. 10) . Tracing the jet back- ward, we see that it is the brighter component A that is driving the jet. If we partition the system luminosity of 1.3 according to the component Ñux ratio at 2 km, we see L _ that component A that drives the jet has a luminosity of only 0.8
Given the similarity between the position L _ ! angle of the HH 300 jet and the giant southwestern lobe of the HH 300 Ñow, it seems probable that it is the same component A that is responsible for the great outÑow activity. This suggests that component A in the recent past must have been even more active than at present.
We interpret the jet curvature as wiggling, and it appears that this jet wiggling goes through a half-cycle over its 7A length ; knots J1 and J9 are both located slightly above the Ñow axis as seen in Figure 9 . If we assume a projected Ñow velocity of 150 km s~1, typical of HH jets, then the knot J1 is only 30 yr old. In contrast, the orbital period for a system with a total mass of 1 and a separation of at least 42 M _ AU at 140 pc) is more than 272 yr. Similar to the case of (0A .3 Devine, Reipurth, & Bally 1999) . This source is a low-luminosity deeply embedded class 0 object discovered by Emerson et al. (1984) and detected at 3.6 cm by et al. (1995) , who suggest Rodr• guez that it may be a binary with separation. In the optical 0A .8 only a faint reÑection nebula is seen (Draper, WarrenSmith, & Scarrott 1985 ; Barsony & Chandler 1993) .
However, near-infrared images reveal a large, bright infrared reÑection nebula (Hodapp & Ladd 1995 ; Whitney, Kenyon, & Gomez 1997) .
In Figures 1c and 11 we show the F160W and F205W images of the L1551 NE region. We Ðnd a compact cometary reÑection nebula with approximate dimensions of 6@@ ] 12@@. The inner part of the nebula opens up toward the west-southwest. On the northeast side a lobe opens up in the 2 km image, and a narrow "" waist ÏÏ can be discerned between the two sides, suggesting the presence of a higher extinction belt. The peak brightness of the nebula shifts slightly toward the east-northeast with increasing (0A .19) wavelength, suggesting that, at least at 1.6 km, we do not see the source directly.
In the 1.6 km image, a well-collimated jet is apparent. There is no trace of the jet in the F205W image, suggesting that it is not a continuum feature, and we conclude that the jet emits in [Fe II]. The position angle of the jet is 243¡, compared to the 242¡ of the HH 454 bipolar Ñow that surrounds the L1551 NE source, and which also deÐnes an axis that passes through HH 28 and 29 (Devine et al. 1999) . In Figure 12 the jet is seen in a contour plot, where the background from either side of the jet has been subtracted. The jet can be traced to within 6A from the brightness peak of the reÑection nebula, corresponding to 840 AU in projection at the 140 pc distance of Taurus. It is noteworthy that the well-deÐned axis of the jet does not pass through the obvious photocenter of the reÑection nebula but is o †set by to the south, corresponding to 28 AU. It is possible that 0A .2 this could imply that the source is a binary, as already suspected from the VLA observations of et al. Rodr• guez (1995) . Recently, a new 1.3 mm continuum source has been found southeast of L1551 NE (Moriarty-Schieven et al.
1A .4 2000)
. This separation is too large to account for the displacement seen in our images between the photocenter of the reÑection nebula and the jet axis. This may indicate that L1551 NE could be a triple system.
HH 199
This isa2p clong bipolar HH Ñow driven by the IRAS source 20582]7724 embedded in the L1228 cloud (Bally et al. 1995) . The source was detected at 3.6 cm by & Rodr• guez . HH 199 has a blue lobe toward the eastnortheast and a red lobe toward the west-southwest, coincident with the large L1228A molecular outÑow. Our NICMOS images are seen in Figure 1d . The source is so bright at near-infrared wavelengths that the prominent diffraction spikes largely obliterate the surroundings, and little can be said about the region. One di †use knot is seen 18A due west of the source, and since it is only visible in the F205W Ðlter, it appears to be an emission knot. The H 2 other small blobs are artifacts in the array due to the bright source. A reÑection nebula surrounds the source and appears to open toward the east, in the direction of the blue lobe of the molecular outÑow. A noteworthy feature is the one-armed spiral starting at a position angle of 135¡ and approaching the source until PA \ 0¡. This is strongly reminiscent of similar features seen around FU Orionis stars and some other young stars such as V1331 Cygni (e.g., Goodrich 1987 ).
HH 83
The HH 83 Ñow is a well-collimated jet emanating from an embedded infrared source located in Orion (Reipurth 1989) , and combined with the nearby HH 84 bow shocks, it forms a parsec-scale HH Ñow (Reipurth et al. 1997a) . Perhaps the most striking feature of the region is the prominent and structured reÑection nebula illuminated by the source. Although the source is optically invisible, it was imaged in the near-infrared by Moneti & Reipurth (1995) and detected at the VLA by & Reipurth (1998 . However, the source is extremely bright and produces disturbing di †raction spikes. The reÑection nebula is even more complex in the infrared than in the optical, and the high resolution of these images reveal the amazing sharpness of the various features. Clearly the large envelope surrounding the source is in a rapid process of disintegration. It seems hard to imagine that a jet would be able to produce such smoothly curving and yet sharp edges. A wide-angle wind surrounding the jet and pushing around higher density obstacles in the Ñow seems a better explanation.
HH 111
The HH 111 jet drives a large bipolar Ñow in Orion and is one of the best collimated jets known (Reipurth et al. 1997b and references therein). The jet has been observed in the infrared lines by Gredel & Reipurth (1993 , Davis, H 2 Mundt, & (1994b) , and Coppin, Davis, & Micono Eislo ffel (1998), but none of these studies detected the jet in the highly obscured region close to the source. The present high-resolution observations Ðll this gap.
Part of our NICMOS data on the HH 111 jet relating speciÐcally to the multiple stellar sources of the region were discussed by Reipurth et al. (1999) , and here we exclusively focus on the morphological and emission properties of the jet.
In Figure 1f we show a composite of our NICMOS images, with F160W in blue-green and F205W in red. The jet is traced in [Fe II] from to 11A from the source. Part 2A .5 of the counterjet is seen between 4A and 6A from the source. The knots are labeled in the contour plot in Figure 14 based on the F160W image. Despite the lower extinction at 2 km, only one knot, IR 3, is seen in emission, so the infrared H 2 jet is truly an [Fe II] jet. The most distant knot, IR 1, corresponds to the optically visible, but faint and highly obscured knot A discussed by Reipurth et al. (1997b) . All other knots have no optical counterparts. Reipurth et al. 1997b) . The line represents a leastsquares Ðt to these data. At a distance between 10A and 11A from the source, knot A (\IR 1) has been measured in the optical (plus) and in the infrared (circle) ; the di †erence in position is due to proper motion between the epochs of optical and infrared observations. The jet widens as it moves away from the source, and the FWHM values of the knots in the approaching lobe have been measured and are plotted in Figure 15 , including optical knots from the [S II] WFPC2 images of Reipurth et al. (1997b) . When the two large and wide bow shocks E and L are omitted, a line can be drawn through the knots, showing the clear expansion of the jet. A similar expansion of the HH 1 jet is discussed in detail by Reipurth et al. (2000a) , and the reader is referred to that paper for the interpretation. We here note that the half-opening angle, as deÐned by the solid line Ðt to the data points in Figure 15 , is which is smaller but still comparable to the of the 0¡ .4, 1¡ .3 HH 1 jet. An interesting di †erence between the HH 1 and HH 111 jets is that, while the HH 1 jet widens very gradually, the HH 111 jet has a much larger spread around the Ðtted line. Indeed, an argument could be made that two lines with much larger opening angles, one through the infrared knots (circles) plus knot E, and another through the more distant optical knots (beyond 23A from the source) would provide better Ðts. It is, however, very difficult to understand what physical mechanism would divide the jet into two such parts, and we do not pursue this idea further.
[Fe II] EMISSION IN HH OBJECTS
As pointed out by Hollenbach & McKee (1989) 
4D 7@2
Èa 6D 9@2 Over the years a number of HH objects have been imaged in [Fe II], among others HH 7È11, 12, and 34 (Stapelfeldt et al. 1991) , the HH objects associated with OMC 1 (Allen & Burton 1993 ), HH 47 et al. 1994 , HH 1/2 (Davis, (Eislo ffel & Ray 1994a), and the HH 154 jet associated with Eislo ffel, L1551 IRS 5 (Itoh et al. 2000) . In the hitherto most detailed study of [Fe II] in HH objects, Gredel (1994 Gredel ( , 1996 employed both infrared imaging and spectroscopy to analyze HH 1/2, 7È11, 43, 54, 56, 99, 106, and 120. Hamann et al. (1994) First, emission of [Fe II] requires the presence of singly ionized iron, but recombination to neutral iron in lowvelocity shocks could diminish the presence of Fe II,o r chemical processes could lock up the ions (e.g., Hollenbach & McKee 1989) . Clearly, an external or internal source of ionization is required to maintain a population of singly ionized iron.
Second, metastable transitions of metal species often dominate the cooling at temperatures between D5000 K and 104 K. But for lower temperatures, Ðne-structure transitions such as O I (63 km) and other far-infrared lines may dominate the atomic contribution to cooling (Hollenbach & McKee 1989, p. 333) .
Third, the type of shock involved provides important information on the environment. Whereas J-shocks require higher preionization levels but low magnetic Ðelds, C-type shocks form in gas with low ionization but higher magnetic Ðeld strength. The low preionization of C-shocks and the fact that C-shocks in general do not ionize suggests that [Fe II] emission should normally not be seen in C-shocks (although certain C-shocks, depending on the [Fe II] abundance, might still produce some [Fe II] emission ; Smith 1994). In general, [Fe II] emission is well modeled by fast, dissociative J-shocks, i.e., shock speeds exceeding 30 km s~1 (e.g., Smith 1994) . Nondissociative J-shocks, while likely to produce copious emission, predict only very weak H 2 [Fe II] emission (Smith 1994) .
Fourth, the location within a shock also plays a role. For bow shocks, it is expected that [Fe II] is particularly strong at the head of the bow shock, where the velocity component normal to the shock is greatest, whereas it diminishes along the bow wings as the normal velocity component decreases.
on the other hand, is expected to be stronger in the H 2 , weak shocks along the bow wings, since it collisionally dissociates for v ¹ 25 km s~1 at typical densities found in molecular clouds (e.g., Smith 1994) .
Altogether, it appears that the strong [Fe II] emission and weaker emission observed in our sample of HH jets H 2 suggest that the shocks involved are fast, dissociative J-shocks. The individual knots in the jets are likely to be small internal working surfaces where parcels of gas ejected with di †erent velocities interact (Raga et al. 1990 ). For these shocks to be dissociative, the velocity di †erences must be larger than 30 km s~1. The source of ionizing radiation is an important issue. Whereas the HH 1, HH 34, and HH 111 jets are located in the Orion clouds, where the OB stars in the Orion Ib association produce a di †use UV Ðeld, the HH 300 and HH 454 jets are in Taurus in a presumably much more benevolent ambience. We speculate that the more important source of ionization for all of these jets is FUV radiation from the driving young stellar objects, perhaps in combination with X-rays emitted from the jet formation region (e.g., Shu et al. 1997 ).
BINARITY OF HH SOURCES
We have observed a total of eight HH energy sources in the present study combined with those of Reipurth et al. (1999 Reipurth et al. ( , 2000a . In another recent study, also using NICMOS on HST with the same Ðlters, Padgett et al. (1998) observed six embedded IRAS sources, all of which drive HH Ñows. Of these 14 HH sources, Ðve are directly seen to be binaries. Their properties are listed in Table 4 . Additionally, L1551 NE and HH 1/2 VLA are both suspected of being binaries, and the presence of a quadruple Ñow from the main component of the HH 111 binary strongly suggests that it is itself a binary, thus forming a triple system.
It is known that 40%È60% of late-type main-sequence dwarfs are binaries, ranging from close spectroscopic binaries to wide proper-motion pairs, with a peak in the separation distribution function around 30 AU (Duquennoy & Mayor 1991 ; Fisher & Marcy 1992) . Latetype preÈmain-sequence stars, on the other hand, have a The HH 111 source is a hierarchical triple system, and the system listed here is the wider pair ; the closer pair is unresolved and has a separation of less than
The 2 km Ñux ratio is larger than 1 because the primary is heavily extincted 0A .1. REFERENCES.È (1) Padgett et al. 1999 ; (2) This paper ; (3) Reipurth et al. 1999. binary frequencies that appear to be about twice as high (e.g., Simon et al. 1992 ; Reipurth & Zinnecker 1992 ; Leinert et al. 1993) .
The observed binary frequency among the 14 HH sources observed with NICMOS is 36%. This is very high, especially given the detection limit of about to and the 0A .15 0A .20 complex environment of the sources. For the three sources in the nearby Taurus clouds, the projected separations range between about 20 and 40 AU. Disks around the individual components will be truncated by tidal forces to between one-quarter and one-half of these separations (e.g., Terquem 1998) .
Very little is known, observationally as well as theoretically, about the role of binarity in HH sources. Two issues are important to address. The Ðrst is whether the truncation of a circumstellar disk will a †ect the formation of a jet. The cases of the HH 47, 111, and 300 jets clearly demonstrate that a Ðnely collimated jet can be maintained when only the inner parts of a disk structure are intact. A similar conclusion is reached by et al. (1998) , since the compact Rodr• guez (10 AU) binary disks in L1551 IRS 5 manage to drive independent, powerful jets (Fridlund & Liseau 1998 ; Itoh et al. 2000) . The second issue is whether the absence of the outer parts of a disk will a †ect the continued feeding of the jet. If, as is generally believed, jets are somehow linked to mass loss from disks, having a reservoir for fueling the disk then seems to be an essential prerequisite for maintaining a jet. The giant HH complexes observed in HH 111 and HH 300 demonstrate that these jets have existed for a signiÐcant part of the lifetime of their driving sources. Either jets require only small reservoirs, or the separations of the binaries have grown smaller since their formation, or circumbinary disks manage to continue to fuel the truncated inner circumstellar disks. This is discussed in more detail by Reipurth (2000) .
A large sample of newborn binaries that drive HH Ñows is required to address these issues, and the presently known binaries among HH sources provide only a beginning.
COMETARY REFLECTION NEBULAE AND COLLAPSING ENVELOPES
All of our eight sources are surrounded by pronounced reÑection nebulae, and in the following we explore what the nebular morphology can tell us about the immediate environment of these very young stars. In a study of a large population of HH energy sources, found that, as a group, HH sources are among the youngest stars known, with an average age well under 100,000 yr. Stars this young are generally still in the embedded phase and are likely to still augment their mass via accretion of infalling material from surrounding envelopes. In the standard picture, a star is formed when a cloud begins to collapse, forming an infalling envelope, a nascent star, and a circumstellar disk, followed by the partial dispersal of ambient material by outÑows (e.g., Shu 1977 ; Terebey, Shu, & Cassen 1984 ; Shu, Adams, & Lizano 1987) . The embedded HH sources we have observed are clearly still in the phase where outÑows are actively clearing away part of their surroundings.
Observationally, signs of infall have been observed on scales of several thousand AU around newborn stars (e.g., Zhou, Evans, & Wang 1996 ; Gregersen et al. 1997) . These dimensions are comparable to the compact reÑection nebulae observed around our sources. It seems reasonable to assume that such compact reÑection nebulae trace cavities in the remnant infalling envelopes that are/were feeding the newborn stars.
Cavities can be formed in such infalling envelopes in two ways, as outÑow cavities resulting from mass loss activity, and as infall cavities resulting from the collapse of sheets of gas (as opposed to collapse of a spherical cloud). Models of the former type of cavities have been studied by, e.g., and Kenyon et al. (1993) , and of the latter by Hartmann, Calvet, & Boss (1996) .
In the following, we make a very simple-minded analysis of the morphology of the reÑection nebulae, without making assumptions about how they formed. We exclusively focus on what the geometry of the nebulae tells us about the orientation and structure of the cavities.
We consider the appearance of a cavity that is governed by only two parameters, namely the angle h of the symmetry axis to the line of sight (which is the same as the angle of the disk plane to the plane of the sky) and the halfopening angle a of the cavity.
Consider the purely geometric problem of a circle of radius a, lying in a plane that is h degrees from the plane of the sky (see Fig. 16 ). An observer will see it as an ellipse with a semiminor axis b \ arccos h. Now assume that we are observing a cone-shaped cavity, with depth l. The projection of l on the plane of the sky is the observed distance h between the tip of the cone and the center of the circle (seen as the crossing point between the major and minor axes of the observed ellipse). Therefore h \ l sin h.
From these geometric considerations we derive h, the angle of the symmetry axis of the cavity to the line of sight :
and a, the half-opening angle of the cavity :
where a, b, and h are observed quantities measured in arcsec. The source may or may not be visible to the observer, depending on the geometry of the cavity and the optical depth of the envelope surrounding the cavity. The source is We now examine under which assumptions these considerations can be applied to our observed reÑection cavities. What we measure on our contour plots are isophotes. We thus must assume the following :
1. The isophotes can be interpreted as circles around the symmetry axis of the cavity.
2. The isophotes are not disturbed by optical depth e †ects, i.e., we must assume that the cavities are completely evacuated.
3. The isophotes are not a †ected by di †erences between backward scattering from the more distant surface and forward scattering from the more nearby surface.
Under these assumptions we can, on purely geometric grounds, derive the angle of the symmetry axis to the line of sight as well as the opening angle of the cavity. However, whereas the angle of the symmetry axis is a simple number, the slope of the cavity is only a single number if the cavity is a perfect cone. But the cavity is probably Ñaring, and so the half-opening angle a becomes a function a(a) of the radius a of any given circle. In principle, we can derive the detailed shape of the cavity a(a) by applying equation (2) to all isophotes down through a cavity.
In Figure 17 , we present a diagnostic Ðgure, which shows the e †ect of varying h and a. The contours are shown as fully drawn lines only where the inside of the cavity is directly visible, whereas for lines of sight that traverse through dense material, the contours are shown as dotted lines. In our comparisons with observations, these latter are ignored in order to avoid optical depth e †ects. For the same reason we do not show structures on the counterÑow side, although parts of the counterlobes are likely to be observable. Since the sides of the cavity are most likely Ñared, we have adopted a parabolic, rather than a linear, cavity proÐle. The half-opening angle is measured from the outermost ellipse shown.
We have attempted to apply these simple models to the most symmetric of the reÑection nebulae around our HH energy sources.
1. The L1551 NE source region shown in Figure 11 has a compact reÑection nebula. We only consider the inner 3A (shown with white contours in Fig. 11 ). It appears that the west-northwest side is slightly asymmetric, so we give more weight to the east-southeast side when measuring a, b, and h. We derive an angle of the cavity axis to the line of sight of 40¡ and a half-opening angle of 75¡. Although these numbers obviously are a †ected by uncertainties that are not easy to quantify, it seems clear that the cavity is not a deep one but has a very Ñat slope. If the cavity is formed by the   FIG. 17 .ÈGrid of cavities with di †erent values for the two parameters slope of cavity a and projection to line of sight h. This diagnostic diagram can be used to infer these physical parameters whenever a cometary nebula has a reasonable amount of symmetry.
jet, then the jet should have had enormous excursions from its present position. The jet would be a more efficient excavator if it were surrounded by a wide-angle wind, as suggested in the model of Shu et al. (1994) . If, on the other hand, the cavity is due to infall in a sheet, its shallow angle is naturally accounted for in the model of Hartmann et al. (1996) .
2. The HH 83 region is shown in Figure 13 , and what is relevant for this discussion is the appearance of the reÑec-tion nebula immediately around the source. The jet moves away from the source toward the west-northwest and escapes through the cavity in the upper right-hand part of the Ðgure, and this deÐnes the Ñow axis. It is striking that close to the source there is a very broad reÑection nebula, which smoothly curves around the star on its east-southeast side. The opposite side is a †ected by the presence of the curious Ðnger-like features, and so a direct comparison with the grid in Figure 17 is not possible. However, the broad east-southeast lobe indicates that the half-opening angle must be considerably larger than the inclination angle. From a statistical point of view, the median value of the inclination angles of randomly distributed Ñow axes is 60¡. Under the assumptions outlined earlier, it follows that the best model is one in which the envelope is very shallow, as is the case for the L1551 NE envelope. This is indirectly supported by the great brightness of the central infrared source.
3. The HH 300 region is shown in Figure 8 . Despite the di †raction pattern, it is clear that the reÑection nebula shows part of a butterÑy structure, suggesting the presence of a Ñattened dark structure around the central source. The visibility of part of the red lobe close to the star suggests an inclination angle that is very high. The visibility of the source then suggests that the envelope near the source is also highly Ñattened.
Altogether, the three source regions discussed here have in common that their envelopes appear to be highly Ñat-tened structures. 2. In Ðve of the regions we directly detect the driving source (HH 47, 83, 111, 199, and 300) . Of these Ðve sources, two are close binaries (HH 47 and 300), and one shows evidence for being a triple system (HH 111). We are not able to relate the wiggles seen in some of the jets (HH 47 and 300) to the binarity of their sources ; for this, much closer binaries are required.
3. Compact reÑection nebulae are visible around all seven sources, almost certainly representing cavities formed in the infalling envelopes, and due to either wide-angle winds surrounding the jets or the result of the collapse of sheets of gas. We argue on purely geometric grounds that these cavities are highly Ñattened structures. term). The brightest of these latter transitions is the 8617 line (a which was observed in the HH 34 jet by Ó 4P 5@2 ] a 4F 9@2 ), Reipurth et al. (1986) . Oliva, Moorwood, & Danziger (1989) discuss the use of the I(0.8617)/I(1.644) ratio for temperature determinations in supernova remnants. ratio is not in the low-density limit, the implication is that the emitting gas has several components at di †erent densities (e.g., Oliva et al. 1990 ; Bautista & Pradhan 1998) .
A3. COMPARISON WITH SULFUR AND OXYGEN
The ionization potentials of Fe I and Fe II are 7.6 and 16.2 eV, respectively. This compares to the ionization potential of O I and O II, which are 13.6 and 35.1 eV, and S I and S II, which are 10.4 and 23.3 eV.
A4. EXTINCTION DETERMINATION WITH [Fe II]
The theoretical intensity ratios of emission lines from transitions that arise in the same upper level have values that depend only on the Einstein A-coefficients and the wavelengths of the lines. The observed intensity ratios of such lines therefore provide a direct measure of the reddening. There are several lines in the J and H windows, which all arise in the a upper 4D 7@2 level, transiting to a (1.257 km), a (1.321 km), a (1.644 km), and a (1.809 km). In the absence of 6D 9@2 6D 7@2 4F 9@2 4F 7@2 extinction, the brightest of these is normally the 1.257 km line, followed by the 1.644 km line. There have been several calculations of transition probabilities for forbidden transitions of Fe II, e.g., Garstang (1962) , Nussbaumer & Storey (1980 , 1988 , and Quinet, Le Dourneuf, & Zeippen (1997) , which di †er substantially for some transitions. Comparison with observations (e.g., Oliva et al. 1990 ; Bautista & Pradhan 1998) Gredel (1994) , is that the 1.644 km line is only about 40 km s~1 away from the OH (5,3) sky line, so accurate sky subtraction is imperative. Examples of R 1
(2) extinction determinations in supernova remnants and HH objects are given by Oliva et al. (1989) and Gredel (1994) , respectively.
